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ABSTRACT: Fractionation of sterols from plant lipid mixtures 
was accomplished using a multistep supercritical fluid extrac- 
tion (SFE) procedure. Samples of seed oils, margarine, corn 
germ oil, and corn fiber oil were extracted to yield enriched 
phytosterol fractions. Supercritical fluid chromatography (SFC) 
was utilized to separate and determine the concentration of the 
plant sterols in the extracts from the various samples. The sterol 
concentration in the original samples varied from 2.2 mg/g in 
soybean oil to 13.2 mg/g in oil extracted from corn fiber. After 
the SFE-based fractionation of the samples, the sterol concen- 
tration was idcreased to 64.4 mg/g in the extract from soybean 
oil and 166.2 mg/g in the extract from corn fiber oil. Oil ex- 
tracted from corn bran, which measured 8.6 mg/g in the origi- 
nal oil, increased to 322.2 mg/p using the fractionation process. 
The benign conditions utilized by SFE and SFC proved to be ef- 
fective for the analyses of these compounds without inducing 
degradation of the analytes. 
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Extraction of the seed oils with supercritical carbon dioxide 
(SC-CO,) followed by selective fractionation has the potential 
of offering industry an analytical method to determine the sterol 
content in these matrices. The extraction of rice bran and corn 
“1 (1,2) and the refining of rice bran by supercritical fluid ex- 
traction (SFE) have indicated that supercritical fluids are effec- 
tive as processing solvents for this purpose (3). In addition, SFE 
coupled with a variety of sorbents can selectively fractionate 
targeted natural products from lipid matrices. Fractionation of 
rice bran oil using SC-CO, and a silica-AgNOs column was 
achieved by Saito er al. (4). Separation of cholesterol from dried 
egg yolk has been achieved by SFE followed by solid-phase ex- 
traction (5), and cholesterol has been removed from butterfat by 
selectively adsorbing the sterol onto a sorbent during SFE (6). 
Previously it has been shown that spina sterol and stigmasterol 
recoveries could be increased during the selective extraction of 
shea butter using SC-CO, at 45°C and 150 bar (7). 
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An amino propyl sorbent has been reported to effectively 
separate individual lipid classes by utilizing various organic 
solvents with different polarities (8). The addition of organic 
modifiers to supercritical carbon dioxide can increase the po- 
larity of the supercritical fluid so as to extract more polar 
compounds (9). Therefore, a supercritical fluid with a mini- 
mal amount of cosolvent can replace the larger amount of sol- 
vent needed for efficient elution of the compounds from the 
amino propyl sorbent. 

Supercritical fluid chromatography (SFC) has a number 
of significant benefits including speed of analysis when com- 
pared to separations using liquid mobile phases. Methods uti- 
lizing SFC as an effective technique to analyze different lipid 
classes, without resorting to the derivatization of various an- 
alytes, have been reported in the literature (1 O-l 2). More- 
over, SFC data have also been shown to be quantitative and 
equivalent to gas chromatography data when determining the 
concentration of cholesterol in milk (I 3) or the tocopherol 
content in antioxidant samples (14). In addition, reaction 
products from glycerolysis of soybean oil to monoglyceride 
have been measured by SFC (15). 

In this study, the authors have incorporated some of the 
above principles and observations to develop an analytical 
method including SFE and SFC for the analysis of sterols in 
various lipid-laden matrices. Using principles demonstrated 
with solid-phase cartridges and organic solvents, the authors 
have developed a method predominantly using SC-CO, in 
place of organic solvents, for the enrichment of sterol moi- 
eties in various oil- and fat-containing matrices. This enrich- 
ment facilitates more accurate determination of the sterols as 
opposed to trying to determine them in low levels in the na- 
tive matrix. The reported SFE and SFC methods save con- 
siderable time for sample preparation/cleanup and reduce 
costs with respect to solvent usage. 

EXPERIMENTAL PROCEDURES 

Pioneer Hybrid soybeans were flaked and extracted at our 
laboratory by Soxhlet extraction with hexane for 5 h 
(hexane-soy) and with supercritical carbon dioxide (SC- 
CO,) at 8000 psi and 50°C (SFE-soy) (16) to produce two 
crude soybean oil samples. Canola, corn, and cottonseed oils 
were obtained from Archer Daniels Midland (Decatur, IL). 
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Corn germ oil was extracted with hexane at our laboratory 
using a procedure developed by Norton (17). Corn oil was 
extracted from corn fiber and rice oil from rice bran using a 
Isco SFX 2-10 SFE unit (Isco Inc., Lincoln, NE) with SC- 
CO, at 8000 psi and 80°C to extract the total lipid content. 
Extractions from both the corn fiber and the rice bran were 
accomplished using 10-g samples; a total of five extractions 
from the corn fiber and four from the rice‘bran were needed. 
to obtain enough sample for the sterol separation analyses. 
Benecol margarine samples with 40% fat,and 80% fat were 
obtained from Raisio Group (Raisio, Finland) (18). Laurie 
acid and sterol standard compounds were obtained from 
Sigma-Aldrich (St. Louis, MO). Stigmastanol was obtained 
from TCI-EP (Tokyo, Japan) The cosolvents included 
methanol (Fisher Scientific, Fairlawn, NJ) and methyl tert- 

butyl ether (MTBE) (Sigma-Aldrich). 
Method development utilized a refined, bleached, deodor- 

ized (RBD) soybean oil containing known concentrations 
(0.1-l .O wt%.) of stigmasterol to determine the efficiency of 
the extraction method. Recovery of the stigmasterol in each 
fraction was monitored by SFC. 

Oil samples (0.3 g) were mixed with 0.15 g Hydromatrix 
(Analytichem International, Harbor City, CA) and added into 
a 2.5 mL extraction vessel. Glass wool was then inserted into 
the cell and 0.7 g NH2-Mega Bond Elut (Varian, Harbor City, 
CA) coated sorbent was added (8). Margarine samples (0.3 
g) were measured directly into the extraction cell and 0.7 g 
NH,-bonded sorbent added. Extractions were accomplished 
using an Isco SFX 2-10 SFE unit. The extraction cell was po- 
sitioned in the oven with the sample on top; the flow of the 
SC-CO, was from top to the bottom of the cell. The condi- 
tions for the initial SFE step were 30 mL SC-CO, at 8000 psi 
and 80°C. The second extraction sequence on the same sam- 
ple matrix was accomplished using 30 mL SC-CO,/lO% 
modifier at 2000 psi and 80°C; then the pressure was raised 
to 4000 psi and an additional 30 mL SC-CO,/IO% modifier 
utilized. The pressure was increased to 6000 psi using 80 mL 
SC-CO,/1 0% modifier to remove any remaining lipi.ds from 
the sorbent after the sterol-enriched fraction had been iso- 
lated. Each sample, using either methanol or MTBE as co- 
solvents, was.extracted three times using the above four-step 
procedure. 

Each of the resultant fractions was analyzed using a 
Dionex Series 600 supercritical fluid chromatograph 
(Dionex, Inc., Salt Lake City, UT), with a Dionex SB-Octyl- 
50 capillary column (10 m x 100 km x 0.5 pm film thick- 
ness). The analyses were conducted isothermally at 100°C 
using the following pressure gradient program: 100 atm for 
5 min to 150 atm at 5 atm/min, then to 180 atm at 2 atm/min, 
and finally to 280 atm at 5 atm/min for a total run time of 52 
min. A time/split automatic injection using a Valco valve 
(Valco, Inc., Houston, TX) was used for 1.8 s to inject the 
sample from a 200 nL internal injection loop. A flame- 
ionization detector (FID) was used as the detector utilizing a 
temperature of 350°C (9). Laurie acid was added as an inter- 
nal standard. 
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RESULTS AND DISCUSSION 

The SFC method was developed to separate the lipid classes 
for the determination of the sterol concentration. The FID re- 
sponse was linear for stigmasterol over the range of 0.0002-l 
mg/mL with correlation coefficient r2 = 0.99894. Additional 
correlation coefficients for the response curves for campes- 
terol, p-sitosterol, and sitostanol were 0.995 I, 0.9932, and 
0.9998, respectively. 

The initial SF extracted’soybean oil contained 0.05% bras- 
sicasterol, 0.11% p-sitosterol, 0.06% stigmasterol and 0.04% 
campesterol. The chromatograms in Figure I show the effect 
of the four steps in the separation process. The first extraction 
of the soybean oil using only SC-CO, at 8000 psi and 80°C 
removed 95% of the triglycerides and only trace amounts of 
sterol as shown in Figure IA. There were also only trace 
amounts of sterol in the second extraction step at 2000 psi and 
80°C using SC-CO,/1 0% MTBE (Fig. 1 B). The effect of the 
third extraction sequence is evident in the chromatogram 
(Fig. I C) of the extract produced at 4000 psi and 80°C using 
SC-CO,/lO% MTBE. Here, the concentration of sterols in- 
creased from 0.2 wt% in the initial oil to 40 wt% after com- 
pletion of the third SFE-fractionation. The fraction extracted 
at 6000 psi and 80°C with SC-CO,/IO% MTBE also had a 
27% sterol content (Fig. 1 D). 

While investigating different solvents to extract the sterols 
from the NHz-bonded sorbent, methanol seemed to be an at- 
tractive solvent for sterols; however, not all the sterols were 
removed from the NH*-bonded sorbent, even after the last 
step conducted at 6000 psi and 80°C. An exhaustive extrac- 
tion of the sorbent with chloroform/methanol indicated that 
some sterol remained on the sorbent. After further investiga- 
tion using other solvents, MTBE proved to be a better modi- 
fier than methanol (Figs. 2-4). Four individual sterol com- 
pounds were identified in the chromatograms (Fig. I ), and the 
sterol content was determined from the total of the four com- 
pounds. In this study, brassicasterol was only measured in 
small quantities in SFE-soy fractions. 

The highest sterol concentration from the seed oils was 
found to be in the second step from all seed oils except corn 
oil when methanol was used (Fig. 2). Fatty acids present in 
the cottonseed oil and the hexane-extracted soybean oil were 
also eluted from the NHz-bonded sorbent in the second step 
using SC-CO,/1 0% MeOH at 2000 psi and 80°C which low- 
ered the sterol weight percentage in the second fractions. The 
results from the seed oil extractions using MTBE show that 
the largest quantity of sterol elutes from the sorbent in the 
third step for SFE-soybean oil and corn oil and in the fourth 
step for hexane-extracted soybean oil, cottonseed oil, and 
canola oil. Only trace amounts of sterols were measured in 
the second fraction using MTBE. 

Recovery of the sterol from the oils that were extracted 
from corn bran and fiber and oils from rice bran was also bet- 
ter using MTBE (Fig. 3). However, the fractionation pattern 
for each oil was different. Sterol concentration in corn bran 
oil was high in three fractions with the highest content in the 
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FIG. 1. Chromatograms for fractionation of supercritical fluid extraction (SFE) soybean oil. (A) First extraction with supercritical carbon dioxide 
(SC-CO,) at 8000 psi and 80°C; (B) extraction products after SC-CO,/1 0% methyl tert-butyl ether (MTBE) at 2000 psi and 80°C; (C) extraction 
products after SC-CO,/1 0% MTBE at 4000 psi and 80°C; (D) extraction products after SC-CO,/1 0% MTBE at 6000 psi and 80°C; 1 -brassicasterol, 
2-stigmasterol, 3-campesterol, 4-B-sitosterol, 5-diglycerides, 6-triglycerides. IS. internal standard (lauric acid). 

third fraction using MTBE while little was extracted using 
methanol as cosolvent. Oil from corn fiber oil was extracted 
from the NHz-bonded sorbent in the same manner as the ma- 
jority of seed oils using MTBE; the highest concentration was 
in the fourth fraction. Rice bran oil was the only sample 
where the largest amount of sterol was extracted by SC-CO, 
in the first step. 

MBTE was also the best cosolvent to separate the sterols 
in both margarine samples which were enriched with 
sitostanol. The amount of sterols in the margarine sample that 
contained 80% fat yielded the highest sterol concentration in 
the second extraction, with small amounts of sterols in the 
third and fourth fractions (Fig. 4). The total amount of sterol 
was less in the 40% fat margarine; also, the moisture content 
in that sample appeared to decrease the extraction of the sterol 
from the sorbent. 

Initial concentration of sterols and concentration after frac- 
tionation using MTBE as the cosolvent, listed in Table 1, are 

calculated from the SFC data using response curves derived 
from the sterol standards. The initial concentrations vary from 
2.2 mglg in SFE-soybean oil to the higher concentration of 
15.4 mg/g in cottonseed oil and 15.4 mg/g in the initial rice 
bran oil. The analytical method effectively increased the 
sterol concentration of every oil sample in the study. The val- 
ues that are listed under the column labeled “SFE fraction” 
are from the step of the fractionation process that yielded the 
highest sterol content, The two enriched. margarine samples 
(16) had 24.5 mg/g in the initial 40% fat margarine and 30 
mg/g sterol in the 80%‘fat margarine. After the supercritical 
fractionation process, the sterol content increased to 116.5 
mg/g and 219 mglg, respectively, in these two samples. 

The above results show that by combining SFE, using SC- 
CO, and select cosolvents, with an adsorbent, a significant 
enrichment with respect to analytical detectability can be re- 
alized. By varying the extraction/fractionation conditions en- 
acted upon the sample matrix, one can remove most of the in- 
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FIG. 2. Fractionation results for sterols from seed oils. Comparison of 
SFE data using MeOH and MTBE as cosolvents. For abbreviations, see 
Figure 1. 

terfering background triglyceride components and then se- 
quentially extract and elute the sterol-containing fraction for 
further analysis. Postextraction analysis can be conveniently 
handled by using the described capillary SFC assay. 

These steps and methods reduce analysis cost and analysis 
time, as well as minimize the use of organic solvents involved 
in the sample preparation and final analysis. The solute selec- 
tivity exhibited in this scheme suggest some interesting op- 
tions that could be scaled up to effect the isolation of the 
sterol components from these natural oil- and fat-containing 
matrices. 

1 

FIG. 3. Fractionation results for sterols from oils extracted from bran 
and fiber. Comparison of the SFE data using MeOH and MTBE as cosol- 
vents. For abbreviations see Figure 1. 

FIG. 4. Fractionation of sterols in margarine samples. Comparison of 
the SFE data using MeOH and MTBE as cosolvents. For abbreviations 
see Figure 1. 
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